Although the Mallard (Anas platyrhynchos) is considered an important maintenance host for low pathogenic avian influenza (LPAI) viruses, viral cell tropism and pathology in naturally infected birds are largely unknown. In August 2006, we collected 19 free-living hatch-year Mallards that were positive for LPAI virus by real-time reverse-transcriptase polymerase chain reaction (RRT-PCR) in combined oropharyngeal and cloacal swabs. We investigated virus infection and associated lesions in the digestive and respiratory tracts by RRT-PCR, virus culture, immunohistochemistry (IHC), and histology. By RRT-PCR, 15 birds were positive in cloacal bursa, colon/cloaca, or both, and three were positive in lungs. Virus was isolated from eight birds and typed as H2N3 (three birds), H3N3 (two birds), H3N8 (one bird), H4N6 (one bird), and H?N3 (one bird). By IHC, birds were positive in the cloacal bursa (eight birds), colon (three), cecum (two), or ileum (one). Cell types infected were superficial epithelial cells of the bursa and epithelial cells of the intestinal villi and, less commonly, mucosal glands. By histology, there was no evidence of lesions associated with LPAI virus infection. These results show that epithelia of the cloacal bursa and of the lower intestine are important sites of natural LPAI virus infection in freeliving hatch-year Mallards. The lack of lesions associated with this infection suggests that there is a strong selection by LPAI virus to cause minimal virulence in this maintenance host species.
INTRODUCTION
The emergence of the H5N1 subtype of highly pathogenic avian influenza (HPAI) virus a decade ago and its subsequent lethality for wild birds have enhanced our interest in better understanding the pathogenicity and epidemiology of avian influenza (AI) virus in its natural reservoir, primarily birds of the orders Anseriformes and Charadriiformes. More specifically, it has increased our need to understand the pathogenesis of endemically occurring AI viruses in these species.
In free-living wild birds, the AI viruses isolated are nearly always low pathogenic AI (LPAI) viruses. This classification of high and low pathogenicity relates to the infection in chickens, and not in other avian species, including Mallard Ducks (Anas platyrhynchos). In general, LPAI virus infection is not known to cause clinical disease in naturally infected freeliving birds or in experimentally infected Pekin Ducks (Anas platyrhynchos domesticus). Based on swabbing of free-living ducks and on experimental infection of Pekin Ducks, LPAI viruses are considered to replicate primarily in the intestinal tract and to be excreted from the cloaca. In a small proportion of naturally infected ducks, LPAI virus is detected primarily, if not exclusively, in oropharyngeal swabs, suggesting that infection of the respiratory tract also occurs in nature (Ellströ m et al., 2008) . However, neither the distribution of virus replication nor the presence of associated lesions has been studied in wild birds naturally infected with LPAI virus. It is important to perform such studies on naturally infected birds in order to better understand the pathogenesis of LPAI virus in its natural reservoir and to ensure that the experimental model is a true reflection of the natural disease.
Our aim was to determine cell tropism and associated lesions of LPAI virus infection in naturally infected Mallards. We chose this species because it is considered to be an important maintenance host of LPAI viruses in nature. The study of naturally infected birds was facilitated by the availability of a rapid and sensitive test, real-time reverse-transcriptase polymerase chain reaction (RRT-PCR), which allowed selection of positive birds for detailed tissue sampling. This project was approved by the Animal Care Committee of the University of Prince Edward Island, Canada (UPEI ACC Protocol 06-030), and was carried out under permit ST2482 of the Canadian Wildlife Service (CWS).
MATERIALS AND METHODS

Animals
In early August 2006, free-living Mallard Ducks were captured with bait traps in marshes along the border between the provinces of New Brunswick and Nova Scotia, Canada (approximately 45u859N, 64u259W), by biologists of CWS as part of a national waterfowl banding program. Birds that were confirmed to be of hatch-year age by examination of their cloaca for the presence of a bursa (n550) were brought back to the regional CWS office and held for 24 hr until results were available from the analysis of a pooled sample of oropharyngeal and cloacal swabs by RRT-PCR for the presence of the matrix gene segment of AI virus (see following). Based on this test, 19 positive birds (principal) and four negative birds (control) were euthanized with an overdose of Halothane (MTC Pharmaceuticals, Cambridge, Ontario, Canada). The remaining 27 birds were released. Necropsies were performed according to a standard protocol. All organs were examined grossly. Tissue samples were fixed in 10% formalin and processed within 48 hr for paraffin embedding. One histologic section was taken from each of cerebrum, brain stem, cerebellum, heart, eyelid, nasal gland, ethmoid bone, pharynx, trachea, left primary bronchus, left lung, esophagus, proventriculus, gizzard, duodenal loop, Meckel's diverticulum and adjacent region of jejunum, ileum and base of both ceca, colon, cloaca, liver, pancreas, cranial and caudal regions of left kidney, thymus, spleen, cloacal bursa, left thyroid, left adrenal, left pectoral muscle, skin (ventral region of abdomen), and gonad. In addition, samples of left lung, pooled colon and cloaca, and cloacal bursa were refrigerated at 4 C immediately after collection and frozen at 280 C within 12 hr for subsequent RRT-PCR analysis; instruments were washed and disinfected in 70% ethanol between samples in order to avoid cross contamination. Aliquots of pooled samples of oropharyngeal and cloacal swabs from principal birds were also frozen at 280 C for virus isolation (VI). Pooled samples of oropharyngeal and cloacal swabs from the four control birds were not available for VI.
RRT-PCR analysis
Pooled samples of oropharyngeal and cloacal swabs were submersed in virus transport medium (minimum essential medium [MEM] containing 100 IU of penicillin per ml, 100 mg of streptomycin per ml, 4% bovine serum albumin [fraction V; Gibco-BRL], and 4 mg of trypsin per ml [Gibco-BRL]; Invitrogen, Burlington, Ontario, Canada) until analyzed within the same day of collection at the Atlantic Veterinary College, University of Prince Edward Island. Total RNA from the swabs was extracted using Qiagen RNeasy Mini-Kit (Qiagen, Mississauga, Ontario, Canada). Screening of the samples for AI virus was carried out by amplification and detection of AI virus matrix gene using TaqMan RRT-PCR assay (Spackman et al., 2002) performed on a LightCyclerH 480 (Roche Diagnostics, Laval, Qué bec, Canada) using protocols from Canada's Avian Influenza Laboratory Network (Pasick et al., 2010) . The tissue samples were analyzed in the Department of Virology, Erasmus Medical Centre, Rotterdam, The Netherlands. These samples were homogenized in 3 ml of transport medium (Hanks Medium [MEM] containing 10% glycerol, 200 IU of penicillin per ml, 200 mg of streptomycin per ml, 100 IU of polymyxin B sulfate per ml, and 250 mg of gentamycin per ml; MP Biomedicals, Zoetermeer, The Netherlands) using a Polytron homogenizer (Kinematica AG, Littau-Lucerne, Switzerland), and then samples were centrifuged briefly. From 200 ml of the homogenized sample, RNA was isolated using a MagnaPure LC system with the MagnaPure LC Total Nucleic Acid Isolation Kit (Roche Diagnostics, Almere, The Netherlands), and the AI virus matrix gene was detected using a RRT-PCR assay. Amplification and detection were performed on an ABI 7000 with the TaqMan EZ RRT-PCR Core Reagents Kit (Applied BioSystems, Nieuwerkerk aan den Ijssel, The Netherlands). The samples were prepared and processed in parallel with several negative (transport medium) and positive (culture supernatant of viral isolate) control samples in each run. For all samples, a cycle threshold (Ct) value lower than 40 was considered positive for the presence of AI virus (Munster et al., 2009 ).
Virus isolation
After low-speed centrifugation, 200-ml samples of supernatants collected from pooled samples of oropharyngeal and cloacal swabs from each principal bird were inoculated onto the allantoic membrane of two 11-day-old embryonated chicken eggs. The allantoic fluid was harvested 2 days after inoculation, and AI virus was detected using hemagglutination assays with turkey red blood cells. If negative (titer,1:2), supernatants from the allantoic fluid were passaged a second time into two embryonated chicken eggs. The hemagluttinin (HA) subtype of virus isolates was determined by the hemagglutination inhibition (HI) test with turkey red blood cells and subtypespecific hyperimmune rabbit antisera raised against all 16 HA subtypes (Fouchier et al., 2005) . The neuraminidase (NA) subtype was characterized by RRT-PCR for all nine NA subtypes and subsequent sequencing (Fouchier et al., 2005) .
Histology and immunohistochemistry
After paraffin embedding, tissue samples were sectioned at 3-mm intervals and stained with hematoxylin and eosin (HE) for microscopic examination. Duplicate sections were stained for detection of influenza A virus antigen. For this, a primary antibody against the virus nucleoprotein (HB65; American Type Culture Collection, Manassas, Virginia, USA) was used as described previously (Rimmelzwaan et al., 2001 ) with the following modifications: Tissue sections were preincubated with 0.1% protease for 10 min at 37 C (Sigma, St. Louis, Missouri, USA). Binding of the primary antibody was detected using a peroxidase-labeled goat-antimouse IgG2a (Southern Biotech, Birmingham, Alabama, USA). Peroxidase was revealed using 3-amino-9-ethyl-carbazole (AEC, Sigma Chemicals, Zwijndrecht, The Netherlands), resulting in a bright red precipitate. Lung tissue of a cat experimentally infected with influenza virus A/ Vietnam/1194/2004 (H5N1) was included as a positive control. Isotype-matched and omission controls were included as negative controls. Tissue samples were labeled as positive for the influenza viral antigen even if only a very few cells showed distinct staining of their nuclei.
RESULTS
None of the principal or control birds had gross lesions at necropsy. Of the 19 principal birds, nine had at least one tissue positive from immunohistochemistry (IHC) analysis, eight with a positive cloacal bursa, and four with a positive intestine (colon in three birds, ceca in two, and ileum in one; Table 1 ); all other tissues were negative. The bursa of two of the four control birds was also positive for AI virus on IHC, even though the combined oropharyngeal and cloacal swabs of these birds were negative by RRT-PCR. Positive cells in the bursa were confined to the surface epithelium ( Fig. 1) . Positive cells in the intestine involved primarily the epithelium of mucosal villi, often along their tips (Fig. 2) and, in one of four birds, occasionally the epithelium of mucosal glands (Fig. 3) . In these four birds, bright red precipitate, either in particulate form or as positively staining nuclei of mononuclear cells of undetermined identity, was also present among lymphocytes in the lamina propria in proximity to positive epithelial cells (Fig. 3) . No microscopic lesion, such as necrosis of epithelial cells, unusual abundance of cellular debris, edema, or infiltration of inflammatory cells, was recognized in any of the IHC-positive tissues on duplicate HE-stained histologic sections. All nine principal birds and one of the two control birds with IHC-positive tissues also had evidence of viral material by RRT-PCR of the bursa, pooled colon and cloaca, or a combination of these tissues. In an additional six principal birds, either the bursa or the pooled colon and cloaca sample was positive by RRT-PCR. Again, no microscopic lesion was detected in HEstained histologic sections of any of these tissues. Three birds with intestinal and bursal tissues positive on IHC and RRT-PCR also had RRT-PCR-positive lungs; however, neither IHC-positive viral antigens nor lesions were detected in the lungs of any of these three birds.
Of the 19 principal birds, AI virus was isolated from the pooled sample of oropharyngeal and cloacal swabs in eight birds. The subtypes isolated were H2N3 (three birds), H3N3 (two birds), H3N8 (one bird), H4N6 (one bird), and H?N3 (one bird); the inability to subtype the HA gene of the latter isolate may have been caused by a dual infection by AI virus that interfered with the HI test. No correlation was found between the subtype identified and viral distribution in tissues as determined by IHC. In four of the 19 principal birds (principal birds being those with a positive pooled sample of oropharyngeal and cloacal swabs by RRT-PCR), all tests subsequently used to identify AI virus were negative: No virus was isolated from the pooled sample of oropharyngeal and cloacal swabs, none of the three tissue samples examined by RRT-PCR was positive, and no tissue was positive by IHC. The original Ct value in the pooled sample of oropharyngeal and cloacal swabs was above 35.5 in three of these four birds and 31.2 in the fourth. 
DISCUSSION
This study shows that LPAI virus in naturally infected hatch-year wild Mallard Ducks replicates in the epithelium of the cloacal bursa and in the intestinal epithelium from ileum to colon without causing gross or microscopic lesions. The bursa, more specifically its surface epithelium, was the organ most often infected in principal birds, with eight of 19 birds positive (i.e., more than twice as many as the next most frequently positive tissue, the colon, which was positive in three of 19 birds). The bursa was also infected in two of four control birds. The reason for the relatively high prevalence of infection of the bursal surface epithelium by LPAI virus in these naturally infected birds is unclear. In Pekin Ducks experimentally infected with LPAI virus either orally or by aerosol, epithelial cells, but not follicular lymphoid cells, of this organ were also found to be a common site of replication for AI virus, based on the use of fluorescent antibodies (Slemons and Easterday, 1978; Hinshaw et al., 1983) . Hinshaw et al. (1983) observed disorientation and absence of the surface epithelium in some areas of the infected bursae, but no such lesions were identified in the present study. Hinshaw et al. (1983) also suggested that the bursa could be directly infected by AI virus through intake from fecally contaminated water, by a process known as cloacal drinking (Payne and Powell, 1984) , where the virus thus bypasses the digestive tract.
The intestinal mucosal epithelium was involved less commonly than the bursal surface epithelium in our group of birds. As in this study in naturally infected Mallards, Pekin Ducks experimentally infected by Slemons and Easterday (1978) and by Kida et al. (1980) showed preferential involvement of the caudal region of the intestinal tract as compared to its cranial region, based on demonstration of viral antigen by fluorescent antibodies. In the present study, epithelial cells of intestinal mucosal villi were more often positive by IHC than those of mucosal glands. In contrast, using immunofluorescent staining, Kida et al. (1980) reported only infection of epithelial cells of mucosal crypts in the colon of experimentally infected Pekin Ducks. The period of viral replication, transcription, and translation preceding viral maturation by budding from the host cell membrane lasts approximately 4 hr in Orthomyxoviridae (Murphy et al., 1999) , although infected cells presumably survive longer. By comparison, the turnover of epithelial cells (from the mucosal glands to the tips of villi) in the small intestine of chicken takes at least 48 hr (Imondi and Bird, 1966) . Therefore, the AI virus may infect differentiated epithelial cells that have already started to migrate along mucosal villi preferentially to the amplifier population of undifferentiated cells located deep in the mucosal glands. The importance of the cytoskeleton of polarized epithelial cells during entry into, and exit from, the cell by influenza virus (SimpsonHolley et al., 2002; Sun and Whittaker, 2007) may be relevant to this preference.
Bright red precipitate on IHC, either in particulate form or as positively staining nuclei of mononuclear cells, was commonly found among lymphocytes in the mucosal lamina propria in proximity to positive intestinal epithelial cells, but not among lymphocytes in proximity to positive bursal epithelial cells. The particulate material may have represented the apoptotic remains of infected epithelial cells, possibly within dendritic cells. Influenza A viruses can induce apoptosis of infected cells (Hofmann et al., 1997; Baigent and McCauley, 2003) , and ingestion of apoptotic cells is one of the mechanisms used by dendritic cells to sample and process antigens, including those of viral origin (Grayson and Holtzman, 2007; Coombes and Powrie, 2008) . The nature of the mononuclear cells with positively staining nuclei is less clear. Avian macrophages and, to a lesser extent, lymphocytes have been shown to support the synthesis of proteins, including nucleoprotein, by one specific subtype of highly pathogenic AI virus (A/turkey/Ont/7732/66 [H5N9]), but not by other subtypes tested; no infectious virus was produced by either cell type, but infection by this particular subtype of AI virus resulted in extensive destruction of lymphoid tissue .
No lesion was identified in intestinal mucosal villi or glands positive by IHC in birds of this study. No lesion was reported either by Slemons and Easterday (1978) or by Kida et al. (1980) in the intestinal tissue of experimentally infected Pekin Ducks. This complete lack of evidence of lesions associated with virus infection despite detailed microscopic examination is re- markable given the fact that influenza virus typically causes cytolytic infection. However, it fits with the general idea that LPAI virus in wild birds does not cause clinical disease and suggests that selection of LPAI virus in the Mallard, an important maintenance host species, is directed towards low virulence (Olsen et al., 2006) . The apparent confinement of viral replication to surface epithelia, as identified by IHC, could also limit the bird's systemic immune response. Indeed, Pekin Ducks experimentally infected with LPAI virus were shown to produce only a transient, low-level humoral immune response (Kida et al., 1980) .
Despite the apparent absence of morphologic changes, we cannot rule out the presence of functional changes in the intestinal tract. For example, viral infection of villous epithelial cells could lead to an acceleration of their turnover rate and, subsequently, decreased villous length, as occurs in rotaviral infection in domestic birds (McNulty, 1997) ; this could in turn decrease the total intestinal mucosal surface area available for nutrient absorption, a factor that could be critical for freeliving waterfowl during migration. Demonstration of such a mechanism, however, would require rigorously controlled experimental infection, taking into account the multiplicity of factors that can potentially influence intestinal villous length and mimicking natural circumstances such as limited food availability. Van Gils et al. (2007) observed changes in migratory patterns of two wild Bewick's Swans (Cygnus columbianus bewickii) infected with LPAI virus and attributed this to undetermined impairment of digestive functions; they also noted that birds of this species increase the length of their intestine by 50% throughout winter as a means of increasing their intestinal absorptive capacity in preparation for spring migration.
Based on results of RRT-PCR, but not those of IHC, the lungs were another site of viral replication in a small proportion of our birds. The relatively high Ct value of the positive results by RRT-PCR suggested the presence of only a small amount of virus in the lungs, which might explain the negative results on IHC (Munster et al., 2009) . Similarly, Slemons and Easterday (1978) isolated LPAI virus in tracheal swabs of Pekin Ducks in the early stage of experimental infection but could not demonstrate the presence of the virus in the lungs of these birds by the fluorescent antibody test. Using RRT-PCR, Ellströ m et al. (2008) detected LPAI virus in a small proportion of oropharyngeal samples from wild Mallard Ducks, also suggesting that the respiratory tract can be a site of replication for some LPAI subtypes. As with impaired digestive functions, mildly impaired respiratory functions could conceivably affect birds' performance in the wild (Cooley et al., 1989) .
At least four subtypes were identified among the eight isolates of AI virus, reflecting the relative abundance of subtypes known to be carried by populations of wild waterfowl, particularly Mallards (Stallknecht and Brown, 2007) . However, the method used to capture the birds in this study may have artificially increased the prevalence of carriers and that of some of the subtypes identified. In order to optimize the number of birds captured with bait traps, waterfowl need to be habituated to these traps over the course of several days, thus exposing each other to AI viruses that they may harbor. Because the incubation period for AI virus in waterfowl is only a few days (Slemons and Easterday, 1978) , there would be enough time for naive birds infected by conspecifics early in the habituation period to start shedding virus when captured a few days later. A recent study showed that samples collected from ducks caught in bait traps were 2.7 times more likely to be infected with AI virus than were those caught by air boat (Parmley et al., 2011) .
In summary, we demonstrate that, in natural infection of Mallard Ducks by LPAI virus, the bursal surface epithelium and the villous epithelium of the intestinal mucosa are preferred sites for viral replication. Analysis of more tissue samples by RRT-PCR and virus isolation could have helped to further clarify the organ distribution of the virus in these birds, particularly those selected as controls. We also showed that viral replication at these sites does not cause gross or microscopic lesions in these birds. This supports the observation that LPAI virus infection causes no or only mild clinical disease in free-living Mallards, although the possibility of functional changes that are morphologically unapparent cannot be ruled out.
